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Introduction
We adopt the hypothesis of an RNA world at the origin of life [1, 2] . RNA molecules 40-50 nucleotides in length could have formed spontaneously on montmorillonite clay by passive chemical processes without the need for biological catalysts [3, 4] . However, to overcome the error rate of passive replication, an enzymatic replication process was essential. There is evidence to suggest that sets of RNA ligases and recombinases could have mutually self-assembled [5] [6] [7] . In addition, engineered and in vitro evolved RNA polymerases demonstrate the ability to copy external specific templates [8] [9] [10] . However, the ligases, recombinases and polymerases needed for catalytic replication are large in size; generally much larger than the ones that emerged passively in prebiotic conditions. How these complex catalysts emerged from 40 to 50 nucleotide oligomers is not clear.
In addition, a limitation of the recombination processes that may have facilitated the assembly of complex catalysts from short precursor strands [11, 12] was the requirement of partial complementarity between sequences. In the pool of early RNA molecules, randomized sequences would have been much more numerous. The limitation of the required complementary substrates in the molecular neighbourhood of the catalysts could have been a constraint for the self-assembly reactions. Such catalytic reactions may have been facilitated by an RNA polymerase that would have generated the constituent partially complementary strands as a theoretical model suggested [13] . The existence of an RNA polymerase, therefore, would have been imperative for not only its own replication that may have used chemistry similar to ligases previously identified [2] but also for the feasibility of the self-assembly processes. The evolved RNA polymerases are, however, much larger in size themselves. This raises the question: what processes could have accounted for increases in molecular size at the stage of small molecules (not specifically related) for larger molecules like polymerases to emerge? We investigated this process using R18, an established exemplar RNA polymerase [8] . The R18 polymerase (R18) at the 5 end is composed of a minor mutational variant of the Class I ligase core active region and an accessory domain at the 3 end essential for polymerization efficiency [8] . Truncation of R18 from the 3 end could impact polymerization function and efficiency, but it remains to be identified to what extent the truncations could impact the ligation function. The objective was to examine R18 and its truncated molecules for self-ligation activity and determine how shorter RNA ligases may have played a role. Furthermore, the ligases were examined for relationships between their size, ligation flexibility and efficiency.
Results and discussion

Model system
R18 polymerase (composed of a ligase core) was truncated from the 3 end (because the 5 region is more crucial for ligation activity) by a stepwise deletion of the structural segments (based on R18 known secondary structure). All the RNA molecules (R18, R18-T1, R18-T2, R18-T3 and R18-T4) used in the experiments (figure 1b-f ) contained the 5 region of the active ligase core with the three most essential nucleotides previously identified [14] ; R18-T4 (40 nucleotides in size) was the smallest 5 region. All the molecules were investigated for their ability to increase in size by ligating 35-nucleotidelong chimaeric oligonucleotide substrates (sequences in electronic supplementary material, table S1) to their own end (self-ligation). The study was initiated with substrate 1 (electronic supplementary material, table S1) that was previously used for the in vitro evolution of more efficient ligases from the Class I ligase core [15] . The ligase core of R18 (sequence region in red, green and blue; figure 1b), however, lacks the 5 end substrate pairing segment that was used to increase ligase reaction favourability in the previous studies. The present study, therefore, examined R18 and its truncated derivatives' self-ligation function under no experimentally designed pairing with the rationale that the prebiotic stage of the RNA world was likely to contain heterogeneous RNA strands that might not have specific base pairing with the catalysts. Catalytic reactions that are functionally favoured with substrate complementarity is a feature of previous experimental designs that could, therefore, have been constrained. The study specifically focused on processes that accounted for increases in molecular size at that stage of the RNA world. The ligation abilities of the molecules were studied with variations in the substrate 1 sequence qualitatively (either ligations occurred or not) in the presence of excess substrate concentration, and then a time course of their activity was assessed in the presence of a limited substrate concentration. Figure 1 . Class I ligase, R18 polymerase (R18) and truncated molecules of R18. (a) Secondary structure of a minor variant of parental Class I ligase (taken from [14] ). The nucleotide C (marked with a yellow box) and nucleotides A and C (marked with yellow circles) formed the active site for ligation activity. (b) Secondary structure of R18 (redrawn based on [8] ). At the 5 end is the active ligase core (in red, green and blue) and at the 3 end is the accessory domain (in orange and black). Colours depict the truncated segments from the 3 end of R18. (c-f ) The truncated molecules of R18 used in this study. (c, d, e and f ) represent structures of R18-T1, R18-T2, R18-T3 and R18-T4, respectively, for illustration only and do not depict their secondary structures. Three critical residues essential for ligation activity are marked in yellow in all the structures.
Self-ligation activity
R18 and its truncated molecules were all able to ligate substrates to their own 5 end (figure 2; electronic supplementary material, sections SA-SE). The smallest molecule demonstrating ligase activity was R18-T4. Based on previous structural studies of the Class I ligase variant, nucleotide C47 and the backbone phosphates of A29 and C30 are the key part of the ligase active site [14] (marked yellow in figure 1a ). C47 was predicted to have a more direct role in the catalysis. All the molecules that were examined in this study consisted of the three essential bases (marked yellow in figure 1b-f ) and presumably played a critical role in ligation activity. R18-T4 formed a minimal functional motif for this activity (a hairpin structure as predicted by RNAfold), although the precise mechanism of catalysis requires further study. R18-T4 represents an exemplar of the small molecules that could have existed at the very beginning of the RNA world, able to increase its own size and complexity by joining variable oligonucleotides to its own end. Naturally occurring hairpin ribozymes are quite adept at forming active catalytic sites [16, 17] and this is likely to be also occurring in R18-T4. In addition, whereas previous studies showed self-ligation ability in small RNA ligases [18] [19] [20] , in this study it occurred without any specifically designed pairing with the substrates. There might, however, be unintentional base pairing that could have influenced the overall ribozyme-substrate structural complex and interaction of catalytic residues that may have also resulted in the observed catalytic activity in the truncated ribozymes. Furthermore, whereas previous studies [18, 19] have examined the impact of temperature and catalytic residue variation and/or truncation on the ribozyme ligation rate, this study examined the ability of truncated forms of structurally complex ligases to ligate different kinds of substrates.
Functional flexibility of the ribozymes
The ribozymes exhibited differential functional flexibility, which refers here to their ability to ligate different kinds of substrates to their own end. The smallest ribozyme, R18-T4 self-ligated 13 out of 24 different substrates and was most flexible in its function ( figure S1 ). Lanes C1-C5 show the ribozyme control reactions that were set without the substrates, reverse transcribed and PCR amplified with the primer sets that were used to amplify the positive ligation reactions (primers given in the electronic supplementary material, table S2).
selective in its function. Three types of noteworthy patterns were observed. Pattern 1 (dotted leftmost region in table 1) shows a subset of substrates self-ligated by all the ribozymes in the study. This suggests that self-ligation was a preserved function in R18 as well as in its truncated molecules with limited kinds of substrates. It could have been one of the earliest functions that occurred in small oligomers before complex molecules like polymerases emerged. Pattern 2 (middle shaded region in table 1) shows a subset of substrates that were self-ligated by the shorter ribozymes (R18-T4 and R18-T3). However, with increase in the size of the ribozyme the ligation reactions within the subset progressively failed, suggesting a relationship between increase in molecular size and specificity for substrates. The flexibility of ligation in the shorter ribozymes was probably because of their less folded nature, which permitted interaction with different kinds of oligonucleotides. With increased molecular size in larger ribozymes, the degree of folding and self-pairing increased (as determined by the Gibbs free energy:
The increased folding and secondary structures possibly limited their interaction with different kinds of oligonucleotides and is presumably the reason for greater specificity. This finding suggests that, in the early stages of the RNA world, the structural complexity of catalysts could have critically influenced the flexibility of the self-ligation reaction. In pattern 3 (rightmost region in table 1), a subset of substrates was not self-ligated by any of the ribozymes irrespective of their size or structural complexity. This indicates that even though the smaller ribozymes are more flexible in substrate selection, this is not completely unconstrained by substrate sequence. These findings provide insights into the relationship between the size and functional flexibility of the ribozymes. It also suggests that the ligation reactions occurred based on interactions beyond mere complementary template binding. In addition, the substrates were analysed for any nucleotide patterns that may have facilitated interactions with the ribozyme, enhancing the ligation reactions.
Substrate sequence pattern analyses
Nucleotide variability was present in all substrates used in the ligation assays (table 2, top panel). For each ribozyme, the sequence pattern of the substrates that were ligated was compared to those that Table 1 . Self-ligation activities. (The rows represent R18 and its truncated molecules (R18-T1, R18-T2, R18-T3 and R18-T4) that were examined for self-ligation activity. The columns represent the 24 substrates that were used in the assays. The assay results are represented as a '+' or '_' sign. The '+' sign denotes the presence of ligation (less than 35 CP value in qRT-PCR) between the ribozyme (in the row) with the substrate (in the column), and the '_' sign denotes the absence of ligation (greater than 35 CP value in qRT-PCR). The regions shaded with dots, diagonal lines and no shading highlight the three different patterns observed. were not ligated. The compared sequence patterns for R18-T4 and R18-T3 were markedly different at nucleotide positions 20, 21, 22 and 23, with a probability of greater than or equal to 60%. For R18-T2, nucleotide positions 19, 20, 21, 22 and 23 were different with a probability of greater than or equal to 50% (table 2). Substrates that were ligated included the motif AATA, while those that were not ligated included GGCG, suggesting that these differences could have played a role in substrate selection by ribozymes. This may be because of either a higher binding affinity of the ribozymes for the AATA sequence pattern over GGCG or that these specific patterns may have modified the degree of selfbase pairing in substrates (electronic supplementary material, table S3), which would have affected ribozyme accessibility. For ribozymes R18-T1 and R18, there were no statistically significant differences and similarities between the compared substrate sequence patterns. It should be noted; however, that the multiple em for motif elicitation (MEME) tool is incapable of identifying gapped motifs and cannot identify structural motifs. It is possible, therefore, that R18-T1 and R18 ribozyme selection of substrates was based more on tertiary interactions.
Self-ligation rate
Ligation reactions were analysed for efficiency (or rate of activity) and were quantified as the amount of ligated product formed over time using a customized RT-qPCR assay (see Material and methods). The reproducibility of qPCR was demonstrated by the standard curves generated for DNA copies of each ribozyme ligated to substrate 1, which showed similar CP values for equivalent copy numbers (electronic supplementary material, section SF). The quantification of all the ribozyme-substrate reactions showed an increase in product with increase in incubation time (electronic supplementary material, figures S4.3-S4.7). The efficiencies of the ribozymes with different substrates were in a narrow range, in particular the R18, R18-T1 and R18-T4 ribozymes, indicating robustness of their activity (electronic supplementary material, figure S4.8) . Furthermore, the catalytic efficiencies of the ribozymes were compared based on a common set of five substrates (electronic supplementary material, figure S4.9). With each of the substrates, ribozyme efficiencies followed similar trends which showed an overall increase in the rate of ligation with increase in the size of the ribozymes. The smallest ribozyme, R18-T4, had the lowest self-ligation efficiency, and the largest, R18, had the highest efficiency. In the case of R18-T4, the low turnover of product formation could be owing to its small size, which resulted in weak binding with the 
by the ribozyme, and the third column represents the sequence pattern of the substrates not ligated by the ribozyme. Each logo depicts the probability (y-axis) of the nucleotides present at each position on the substrates (x-axis). The boxes outline the nucleotides that differed in the compared sequence patterns at a probability of greater than or equal to 60% (for R18-T4 and R18-T3); greater than or equal to 50% (for R18-T2). substrates and susceptibility to dissociation before reaction completion. In addition, the 3 end catalytic residues truncated from this construct could also have impacted the efficiency. An increase in the size improved the product turnover possibly because of a stronger binding of the catalysts with the substrates conferred by tertiary interactions, resulting in increased stability of the product-substrate complex for reaction completion. An exception, however, was ribozyme R18-T1, which, although larger in size than R18-T3 and R18-T2, showed a comparatively lower self-ligation rate. Based on the R18 known secondary structure, this may be because of a partially formed auxiliary domain that made unfavourable contacts with the ligase domain, resulting in a lower efficiency. In the case of R18 polymerase, the increased size formed the complete auxiliary and ligase domains which fold independently and is possibly the reason for the relatively high ligation efficiency. The comparative analysis points towards a correlation between ribozyme size and efficiency. Enhanced substrate binding and the presence of the 3 end catalytic residues were essential for increased efficiency of the larger ribozymes. In the smaller molecules, weak substrate binding and the absence of some of the 3 end residues compromised efficiency; however, the molecules remained minimally active for ligation by virtue of the previously identified three most essential catalytic residues [14] . The constraints that probably affected the kinetics of all the reactions in this study were the lack of designed substrate binding sites and the absence of several 2 hydroxyl groups in the chimaeric substrates. These hydroxyl groups and substrate-binding domains promoted molecular interactions and recognition in the previous studies [18, 21] . The ribozymes, however, recognized specific nucleotide patterns in the substrate sequences, which could have facilitated the reactions (discussed in the previous section). The reactions may also have been promoted by interactions with the 2 hydroxyl groups in the four 3 end ribonucleotides, which were closer to the ligation site. Catalysis geometry and the ribozyme-substrate interactions can be analysed in detail using structure-probing techniques, but these RNA-based techniques could not be applied to this study as the substrates were largely composed of DNA, which is a limitation here. Figure 3 . Correlation between size, predicted structural stability, functional flexibility and rate of self-ligation activity of ribozymes. Relationships were plotted for (a) size, structural stability and catalytic efficiency; (b) size, structural stability and functional flexibility; (c) structural stability, functional flexibility and catalytic efficiency; and (d) size, functional flexibility and catalytic efficiency. The size is given as the number of nucleotides in the ribozyme. Structural stability is indicated by the ribozyme's predicted Gibbs free energy ( G) using RNAfold (values of G are negative). The functional flexibility was determined by the number of different oligonucleotide substrates that the ribozyme was able to ligate to its own end. The rate of self-ligation activity is given as the number of copies of ligated product cDNA formed per minute and is the average rate at which a ribozyme self-ligated five substrates (1, 6A, 6B, 7A, 6). Solid lines depict potential correlations and dotted lines represent the general trend. The polynomial regression model equations for each of the lines are displayed at the top of each graph; solid and empty diamonds and squares represent solid and dotted curves, respectively.
Molecular trade-offs
The study revealed some correlations between molecular traits such as ribozyme size, functional flexibility, catalytic efficiency and predicted structural stability (figure 3). Ribozyme size and stability did not show a significant linear relationship with efficiency; however, three ribozymes (R18-T4, R18-T2 and R18) followed a linear trend and showed a weak correlation (R 2 = 0.42) ( figure 3a) . Notably, size and structural stability correlated negatively with functional flexibility (R 2 = 1) (figure 3b), which suggests that although the smaller ribozymes had lower efficiency, they were more tolerant in selfligating different kinds of substrates. The larger ribozymes were more efficient but more selective for the substrates. These relationships indicate that there are molecular trade-offs at play ( figure 3c,d) . Lifehistory trade-offs play an essential role in evolution [22] [23] [24] [25] , and this study points out that the molecular trade-offs could have also impacted the origin of RNA-based life.
Conclusion: implications for RNA evolution at the origin of life
Ligases (and related polymerases) have primarily been explored with the aim of evolving a selfreplicating enzyme (2). However, while these self-replicating ribozymes are key components of a replicating RNA world, an explanation is needed for the emergence of such molecules that are much larger in size than those that formed spontaneously in the prebiotic world. This study reveals how the activity of small ligases could have led to larger, more complex molecules. The ligases exhibited differential functional flexibility and efficiency which correlated with their size and stability. The results 
efficiency. It supports the computational and theoretical predictions that assembly of larger functional molecules resulted from short RNA ligases [26, 27] . The derived larger and more complex ligases developed specificity and efficiency for the kinds of substrates ligated. This trade-off could have contributed to building molecular complexity and the generation of a pool of functionally specialized molecules, which were necessary for the emergence of a self-sustained replicating system.
Material and methods
R18 ribozyme and truncations
The template DNA sequence for the R18 ribozyme [8] was synthesized (electronic supplementary material, figure S1-A) , cloned into a pTZ57R/T plasmid vector and sequenced (Inqaba Biotechnology, Hatfield, South Africa). The cloned plasmid construct was used for amplification of the templates for R18 and the 3 truncated molecules using the primers indicated. Amplicons were purified to homogeneity and then used for in vitro transcription of RNA molecules: R18, R18-T1, R18-T2, R18-T3, R18-T4 (electronic supplementary material, figure S1-B) . Transcribed RNAs were purified to homogeneity in an 8%-8 M urea polyacrylamide gel. The concentration of RNAs was measured by the absorbance at 260 nm.
Design of the oligonucleotide substrates
Oligonucleotide substrates (35 nt in length) were synthesized as DNA-RNA chimaeras with four ribonucleotides at the 3 end (Integrated DNA Technologies, Coralville, IA, USA) (electronic supplementary material, table S1). Substrates varied at the 3 end (positions 19-34) except for the last ribonucleotide at the 3 end, which was identical in all substrates. The 5 end substrate segment (positions 1-18) was also kept constant in all substrates (with the exception of substrates 2, 3, 4 and 5) because this region was used as the generic primer-binding region for the detection of ribozyme catalytic activity (see below). There was no specifically designed complementarity of the substrates with the ribozymes. The synthesized substrates were dissolved in nuclease-free water (Sigma-Aldrich, St. Louis, MO, USA) to a stock concentration of 100 µM.
Detection of self-ligation activity of R18 and its truncated molecules
All the gel-purified ribozymes were PCR amplified with primers F1 and R for R18, F1 and R1 for R18-T1, F1 and R2 for R18-T2, F1 and R3 for R18-T3, and F1 and R4 for R18-T4 (electronic supplementary material, section S1) to verify the absence of non-specific amplification prior to using them in the ligation assay. The purified RNAs were assayed for self-ligation activity with each of the oligonucleotide substrates in excess concentration. The reaction buffer was composed of 25 mM MgCl 2, 50 mM KCl, 4 mM DTT, 50 mM EPPS (pH 8.2) in nuclease-free water. RNA (2 µM final concentration) was incubated in nucleasefree water at 80°C for 1 min, and then cooled to 37°C for 5 min. This was followed by simultaneous addition of reaction buffer and oligonucleotide substrate (5 µM final concentration), and the reaction was incubated in a total volume of 20 µl at 37°C for 40 min. At the end of the incubation period, 25 pmol of the primer complementary to the 3 end of the RNA (electronic supplementary material, table S2), 0.4 mM of each dNTP and 200 units Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) were added to the above reaction mixture and incubated in a total volume of 25 µl at 55°C for 30 min. After incubation, 5 µl was removed from the reaction and amplified by PCR using primers complementary to the 5 end of the oligonucleotide substrate and the 3 end of the RNA (electronic supplementary material, table S2). Electronic supplementary material, sections S2 and S3 provide schematic representation of the assay and details of the PCR conditions. The ligation reaction was detected by the size of the amplicon on a 2.5% agarose gel. Negative controls were set up by incubating the RNA without the addition of oligonucleotide substrate in the reaction buffer at 37°C for 40 min, and then they were reverse transcribed at 55°C for 30 min. The control reactions were PCR amplified with the primers that were used for detection of self-ligation activity of ribozymes (electronic supplementary material, table S2). The ligated product was purified to homogeneity and cloned into pTZ57R/T vector using the InsTAclone PCR cloning kit. Plasmid DNA from a single bacterial colony of the clones was purified and sequenced (Inqaba Biotechnology). The self-ligation reaction was confirmed by sequence alignment using the EMBOSS-Needleman-Wunsch algorithm with default parameters. 
Substrate sequence analyses
Comparative analysis of the substrates was performed using MEME-Multiple Em for Motif Elicitation Suite 4.10.0 [28] . Based on the default nucleotide probability matrices in MEME, potential sequence patterns in the substrates that could be associated with positive or negative ligation reactions by the ribozymes were identified. First, the varied 3 regions of all the substrates were aligned to confirm nucleotide variability at each position. Substrates 2, 3, 4 and 5 were excluded from the analysis because their 5 end also varied (unlike all the other substrates). For each ribozyme, substrate sequences were grouped into two categories: substrates that were ligated (positive) and those not ligated (negative). The varied 3 regions of the positive group were aligned in the 5 to 3 direction and analysed for the representative sequence pattern. Similarly, the substrates in the negative group were examined. The sequence patterns from the two groups were compared for nucleotides that occurred at a probability of greater than or equal to 50%.
Prediction of ribozyme stability and substrate structures
The structures of the substrates were predicted using mfold RNA folding form [29] . The structural stability and degree of secondary structure of the ribozymes were predicted with RNAfold; quantified using the predicted minimum free energy structure and thermodynamic stability (Gibbs free energy) [30] .
Quantitative reverse transcription polymerase chain reaction analysis of ribozyme self-ligation activity
The standard technique for quantification of ribozyme assays entails incubation of P 32 radiolabelled RNA or substrate and separation of products on a polyacrylamide gel. The rate of reaction using phosphorimaging is determined as the fraction of the radio-labelled reactant converted into a product over a period of time. However, under the given experimental conditions, the products were not detected using phosphorimaging, possibly owing to the low ribozyme efficiency. Quantification was, therefore, performed using the reverse transcription-quantitative real-time PCR (RT-qPCR), which is highly specific and a more sensitive quantitative detection of RNA. Specificity is conferred at three levels: via two PCR primers and a probe. A TaqMan probe was synthesized (Life technologies, Carlsbad, USA, USA) specific to a region common in the cDNA sequences of all the ribozymes. The sequence of the probe was 5 -GGAAAAAGACAAATCTGCCC-3 . The probe sequence included a fluorescent dye 6-carboxyfluorescein (FAM) at the 5 end. The 3 end consisted of a non-fluorescent quencher conjugated to a major groove binder moiety. The sequences of the primers are given in the electronic supplementary material, table S2. Real-time quantitative PCR analysis of known DNA copies of each ribozyme ligated to substrate 1 was performed to generate the standard curves. The method offered detection sensitivity of femtograms (fg) of the transcripts and amplification sensitivity down to 10 copies. A time course analysis for each of the ribozymes that reacted with substrates 1, 6, 7, 8, 6a, 6b, 6c, 7a, 7b, 8a and 8b was performed. The rates of the ribozyme activity were not studied with substrates 2, 3, 4 and 5 because the primer sequences for detection of the ligation product were different from the ones used for generation of the standard curves. The reactions were set up as described earlier, except that the final concentration of the purified ribozyme was 1 µM with limiting substrate concentration (100 nM). Incubation was performed at 37°C with eight time points ranging from 5 to 40 min, set up in different reaction tubes. The reactions were stopped by snap-freezing in liquid nitrogen. After completion of all the time points, tubes were transferred on ice and simultaneously reverse transcribed for the maximum duration of time as described earlier. Two negative controls were included; one of the controls was set up by incubating the ribozyme without the addition of oligonucleotide substrate in the reaction buffer at 37°C for 40 min, with reverse transcription at 55°C for 30 min. The second control was set up by incubating the ribozyme with the addition of oligonucleotide substrate in the reaction buffer at 37°C for 40 min, but without reverse transcription. After incubation, 1 µl from each reaction was added to a 19 µl PCR set-up consisting of 5 pmoles of the designed probe along with 12.5 pmoles each of forward primer (specific to the 5 end of the substrate), and reverse primer was specific to a common region in all the ribozymes' template DNA sequences, i.e. the 3 end of R18-T4 ribozyme template (to eliminate any PCR bias owing to primer binding regions). The reactions were amplified using 10 µl of TaqMan 
Determination of the rate of ribozyme self-ligation activity
The CP value of the reaction at each of the eight time points was obtained and the number of cDNA copies was quantified from the standard curves (electronic supplementary material, section S4.2). The reactions in which the PCR product was below the CP threshold limit of the assay were considered failed ligations (CP value of greater than 35 was the threshold for the absence of DNA as quantified from the standard curves in the electronic supplementary material, section SF). A graph of cDNA copies quantified in the reaction was plotted against the duration of incubation. The rate of reaction was determined from the slope of the graph and is reported as the copies of ligated product cDNA formed per minute. The RT-qPCR method employed in this study was an indirect method of estimation of the reaction products after a given period of time. As this method involved two additional enzymatic steps, the 'rate of reaction' by standard definitions was not applied. However, for the purpose of comparison of the activities of R18 and its truncated molecules, the term 'rate' or 'efficiency' has been used as a surrogate for the amount of ligated product formed over a period of time.
Data analysis
The correlation between data variables was analysed using a polynomial regression model (Microsoft EXCEL). A fitted graph (solid line in figure 3 ) and a general trend line (dotted line in figure 3 ) were plotted.
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